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and a rinse down to quality. To avoid problems of early
leakage of weakly held ions such as boron, the post-chemical
or postdisplacement steps use water that is essentially free of
boron, or otherwise avoid localized contamination in the
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(2013.01); BO1J 49/0095 (2013.01); CO2F 1/42
(2013.01) 5 Claims, 7 Drawing Sheets
300
RINSE DOWN

310

% RINSED RESIN TO
REFILL BOTTLES



U.S. Patent Jun. 2, 2015 Sheet 1 of 7 US 9,044,747 B2

100
e

10 20 22

g ) )

| UPW
FEED —>|PRETREATMENT—] UPW TREATMENT — bRODUCT

FIG. 1

o o Og o) 30
o © o o
9°%00%0 oo"oo‘)"g> »
05000, 0 0% o°
h o0 09709 [069C720 5 o
o 0966 00830 o
%, 95090 09| |90 0% g0 0|
) 0000 000 o,
b 0% ol0 006205009
cCo 05 @ % | [0207500%
800,00% o%oo 268
0%’ o oo o0
0 O O @ O ° 0o
) o, o 0,
0Co0g 00| [029 00%
800 00% | | L0000
00.0% 90 o2 Fo oy
0 g0C.b Oop ©
0,0 008 Ooo 052
805090 |o2°Lo B
009PL2 6| [0.8% %00
o] QOOOO OOOOQ o
b o%b 60 0flooQaedod
Q 0o
0C6 05 0P %0 | J[ 02 05,06
0 ,0°000° 0 0020 & O35
3% o [o] o 0.0 o
5o 099,9 90%0 0y
000 o
C 0 0g” 0.0 0.0 oo ©
950 005% | |Looos¢
© 8,0 oo 00_0o%0
0% 000 0080 o 0
b0%3 %0 0| |0 0238500
C o, [
c“o 04 O %0 .
809,00% 0%0000 34c
0 )
0 0,° C’ooo 0000 SLo
809800 | | oHe¥Lo s
o0 00 o| lo 00 le)¢]
o o O QO (o] s Ao} o o
b o e ool 00906500
%604 6P S0 ] 09 9 ;0 0%
Q 4000 00 0o Q
8860, °5d k%o %o1—34a
O B
9% og
)
S -
NS 6L 00 34b
0o [

> do
§0°5208520% 0 o

090 97600 o
33/> S

Q
o & 0%60%B2%0 120D o

FIG. 2



Co

US 9,044,747 B2

0508

3
00
Qg0
o© 90% 0 %ho
%00

00,90

dNISTY
ONINIVNTY

o

o
00 00 0

N

Sheet 2 of 7

ONOULS A

N

ONOULS -

Jun. 2, 2015

U.S. Patent

o NISTY

% 00

-\
00
O
On0
o

REVL

o o0
60%20
oo g%" o2
0 00 £,0°9,
) )
OOO OOO
c000g 000 o

o o0 0
o
%
o
00

oC)
i

ot:)
oo
oo

ONINIVINTY |

SNOI

-
o]
09%0
50603 0%
0 00 .0
%99
° o
% 0086000

Q,
o
o
pg)
Q0o

<
% 005 O

o0p

%0 %00

oL

d3yNidvo |

JNIL



U.S. Patent

Jun. 2, 2015 Sheet 3 of 7

US 9,044,747 B2

200
el

SEPARATE AX, CX RESIN

201

Y

/

CONSOLIDATE AX RESIN IN TANK |~-202

\

i

REGEN AX

WICAUSTIC

203

y

i

DRIVE W/FLU

ID, TOP-DOWN }~—204

RINSE }~-205

\

/

TRANSPORT TO TANK
-W/FLUID-

206

MIX'IN

\

(

RINSE TO QUALITY
-IN TASK-

\

-PULSE GAS-

-W/F

TRANSPORT TO BOTTLES

LUID-

\

i

BLOW OUT FLUID

FIG. 3



U.S. Patent

Jun. 2, 2015

Sheet 4 of 7

0008000000009 0000 0009
o pd " 0 5 0% 905 908 58
09ax0 0, 0 0200 0% o
050

© o o o,
2 %% 00 %%0,0%0 08 %% %6 00 20,020 00 %

62000520972 600 "0 hame
8808y 62,090, 0 6970

-

o) <
6 %00 20%%0 ©6%%0 050 Lo B0 000 C6%%0 0J0 P00 %009
-

BORON-FREE
ouT

o
o

o Q o o o CnO [v]
09, 00509009702 60 8, 006069 %0 Fo

Q

20 o9 00dlot0 []
05000 6700 000

(] LeFoXel {e]

050 0 °°o°°%° 000

OO
o
Oo)
]

500

20%% 680 LoD o

GO L0080 000 0008000000000 60000
S &
P 008% 0%0 6282% 6% 0oL

]

09570098082 000
8028 089S

felv]

0% 6200

) 0 500 o o

2 00 $20,0% oo°°o°o 900’00 %go o°o°oo °ggo
b‘ Q

O RP6 70002 b 00 769L. Fo

° 0% 2020058085000,

0 96%5°0 05000

=)
9 0 O,
60,

2989

04 O.0,
o%o" oo

-

DETECTOR OUTPUT

TG, O T T T [
o %e & o 0,3’000 ool oooooooooooo oogooo °°c?o€9°°o

(=]

° 200920 0% %P 00%0clP 0% 0
000500002 2090 2 Og° Og o

00 [

0,0 0 00
ogé’ooocoooo ©
05 © 00000 Qo
o 0 %% %o
—

6

6580
[+ o0, o

%P0 0o %0080 Po%%0 o

]

080 2 00 o

o0 00 oog% :ogc 00 %0
060 )

o 3. 59"

6° °°°oo°°°o

)
o 0%

o 0 %%

o 0200
0. 50
20,020 00 %
00 O 2008
050 085020569,
095028 onoo’
00000 %%0

o
)
S 095/

o0

IN

NEW/REGENERATED

DOWNSTR.

US 9,044,747 B2

MOVE TO DOWNSTREAM
POSITION

FIG. 4

MOVE TO UPSTREAM
POSITION

OUT TO
REGEN PLANT




U.S. Patent Jun. 2, 2015 Sheet 5 of 7 US 9,044,747 B2

RINSE DOWN

\

%] 00 [<X5] 00 ¥0 o 00 [*K] 00 V00 00 G 09
80008, 58008 00 B0 8008 000085002 Sa0sSosdtodd | 311
8%, 025%90% 025%20% 095%°0% 690%% 060

IS

pze

RINSED RESIN TO
REFILL BOTTLES

FIG. 4A



U.S. Patent Jun. 2, 2015 Sheet 6 of 7 US 9,044,747 B2

RINSE, OTHER
4~ REGEN FLUID

45\
RINSE DOWN
\ 50

v A

35

% RINSED RESIN TO
REFILL BOTTLES

FIG. 4B



U.S. Patent Jun. 2, 2015 Sheet 7 of 7 US 9,044,747 B2

RINSE DOWN

\

% RINSED RESIN TO
REFILL BOTTLES

FIG. 4C



US 9,044,747 B2

1
METHOD OF REGENERATING ION
EXCHANGE RESINS

This application is a divisional of co-pending U.S. patent
application Ser. No. 10/580,865 filed 6 Jul. 2005, now U.S.
Pat. No. 8,177,981, which is a National Stage application
under 35 USC 371 of PCTAJS03/11583, filed 14 Apr. 2003,
which claims benefit of priority under 35 USC 119(e) from
provisional U.S. application 60/372,206, filed 12 Apr. 2002.

This invention relates to water purification and to ion
exchange media.

It also relates to methods for regenerating exchange media
for use in providing ultrapure water for semiconductor fabri-
cation or other processes requiring product water substan-
tially free of impurities.

It also relates to production of ultra pure water (UPW), and
to sensing, control and maintenance in a water processing
system that relies upon a measurement, such as a measure-
ment of conductivity or the concentration of species in the
feed or product stream, as an indicator or control parameter.

BACKGROUND

Many processes, such as semiconductor fabrication pro-
cesses, require water to have an extremely low concentration
of ionic and non-ionic impurities. A manufacturing or pro-
cessing facility with such requirements generally establishes
a dedicated water purification plant having suitable treatment
capacity and impurity removal characteristics to meet its pro-
cess requirements. Such a treatment plant typically includes a
number of different treatment stages specially selected and
arranged to be effective with the particular feed stream
received from a local supply, such as a municipal water sys-
tem, a surface water, a ground water well, treated wastewater
or a combination of such sources. When the feed supply is
received by the end-user, e.g., by a semiconductor water
plant, the in-plant treatment of the resulting feed stream
achieves a higher degree of purity by processes such as water
filtration, conditioning such as softening or pH adjustment,
and deionization, demineralization, degasification or other
impurity removal treatments. One common initial treatment
is to pass the feed through reverse osmosis (RO) membranes,
or through ion exchange beds. High levels of deionization are
typically achieved by passing the water through units such as
electrodialysis (ED) or electrodeionization (EDI) devices,
and distillation may be used in some applications. Organic
compounds may pass unatfected through some treatments, or
may be introduced or reintroduced by organisms that colonize
conduits and tanks in the system. Often these are addressed at
one or more stages of treatment steps such as microfiltration,
capture in activated carbon or other media, and by breakdown
with ultraviolet energy or oxidation. The breakdown or oxi-
dation products may be removed by one or more of the other
processes described above.

An in-plant high purity water system may present design
problems of various types. The plant must initially be
designed to address the range of anticipated feed waters and
dependably achieve the minimal required level of water qual-
ity. Beyond the factors of capital cost and operating expenses,
and the environmental considerations raised by the volume of
waste water and by-product of the contaminant-removal
treatment processes, various unanticipated problems may
arise. Types or levels of contaminants in the feed water may
change abruptly, necessitating changes in treatment proto-
cols. The periodically-performed process of regenerating an
ion exchange bed, or the unanticipated fouling in the treat-
ment line of a bed or membrane-based treatment system (an
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RO, ED or EDI unit), may destabilize or impair the treatment
process or the quality of the output stream. One therefore
seeks to detect problems of this type by the use of diverse
monitoring instruments, such as a conductance meters or total
organic carbon (TOC) monitors on the output stream or
instrumentation elsewhere in the system, and suitable mea-
surements such as off-line ICP-MS measurements. These are
applied to develop or maintain robust or effective operating
and maintenance procedures. Even so, the continual introduc-
tion of new fabrication technologies requires plant operators
to frequently ascertain whether existing water quality specs
remain sufficient.

Because the normal output water of a high purity treatment
plant has such low levels of contaminants, the appearance of
an unusual trace contaminant may go undetected when the
overall level of the class of contaminants, such as TOC, or
other parameter, such as conductance, appears to remain
within generally accepted levels. Indeed, an unrecognized or
unexpected contaminant might impair the response of the
detector, rather than simply passing undetected. In such a
case, observation of variation in a process parameter (such as
the stability or sensitivity of lithographic exposure or devel-
opment) or a decrease in quality of a manufactured product
(observed, e.g., as an increase in number of defects in a
semiconductor wafer) may provide the first indication that the
product water has experienced a detrimental change. In this
case, investigation is needed to identify the responsible con-
taminant or treatment unit, and to develop procedures that
will, in the future, prevent such quality deviations or detect
the responsible agent before it affects the production line.
Production down time is quite costly, and the observation of
unexplained defects or process variations raises the possibil-
ity of additional undetected latent defects, and the specter of
defective manufactured products further down the manufac-
turing train.

Focusing on just one impurity relevant to the present inven-
tion, it is generally thought that the presence of boron in UPW
product water of a semiconductor fab plant will impair a
number of semiconductor processes unless its presence is
specifically addressed (for example by effective reduction of
the boron load, if necessary, in a first stage, and by use of
boron-scavenging resin, ion exchange bottles or other special
boron removal unit in a polish loop.) Some fab plants have
therefore adopted a conservative approach, removing boron
to a very low level, for example by a boron-selective resin
column or bed, as shown, for example, in U.S. Pat. No.
5,833,846.

Other ions must also be controlled to below trace concen-
trations. For this purpose it is common to have a number of
exchange resin bottles or tanks in a polish stage of the primary
make up water treatment line. Because the ionic concentra-
tions in the final stage are already quite low, the resin can last
for an extended period before exhaustion. A conductivity
monitor can be positioned after the polisher to provide a
prompt indication when the resin approaches exhaustion.
When the resin becomes exhausted, ions start to break
through, and this condition may be detected by the onset of an
increase in conductivity ofthe product water. A silica detector
may also be used to detect the onset of resin breakthrough.

At this stage, it is common practice to send out polish stage
ion exchange bottles for regeneration of their resin.

Fab plants typically also have a final polish loop for the
UPW water produced by the primary make-up treatment line
that has been stored in a tank, to effect final polishing just
before the water is pumped out to the various plant processes.
Since this final polish loop deals with water that is already
substantially deionized, the exchange resin beds or bottles see
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only small amounts of contaminants and may last for an
extended time, e.g., several years, before breakthrough or
exhaustion of the resin occurs. These bottles are often
replaced with virgin resin, rather than regenerating the resin.
Since the simple act of attaching a fresh bottle into the loop,
or performing any conduit connections, risks introducing
some contaminants into the final loop, it is desirable to carry
out such replacements carefully, and as infrequently as pos-
sible.

For the polish stages of the primary make up treatment line,
the resins are usually regenerated. However, problems may be
encountered at this stage. Resin regeneration facilities deal
with large quantities of mixed resins from diverse sources.
Spent resin from mixed bottles or beds must be separated into
anion and cation exchange resins before regeneration, and the
separation processes, typically relying on fluidized settling
separation properties affected by density, bead size and the
like are necessarily imperfect. There is thus a possibility of
introducing unanticipated contamination from other resins
during various regen resin handling plant operations, e.g.,
conglomeration, separation by type, regeneration, rinsing,
re-mixing and bottle filling. Regeneration of fab plant resins
should therefore be performed by a facility that can observe
special precautions in the handling of such resins, and the
regen process should be tightly controlled or specified. Often,
plants will have only one qualified vendor. Larger fab plants
may perform their own regeneration, while some fab plants
may simply require that exhausted beds be replaced with
entirely new, rather than regenerated, resin.

Boron is a weakly bound ion. In operation, ions captured by
ion exchange from product water in an exchange bed bind to
the exchange resin, and weak ions may be displaced by other
ions having a stronger affinity for the resin. The more weakly
held ions are therefore continuously displaced and shifted
toward the downstream end of the ion exchange bed as the
upstream end becomes more saturated. The more weakly
dissociated species are also captured with lower efficiency,
and may extend diffusely along a relatively long depth of the
ion exchange bed. Boron, in particular, has a non-self-sharp-
ening wave front and moves through the bed well ahead of
other ions. Silica, a common and weakly held ion, has
recently been regarded as a good breakthrough indicator of
bed exhaustion, and it may be easily detected, for example by
acolorimetric, wet chemistry silica detector. The above-noted
conductivity rise has also generally been considered an effec-
tive indicator of impending breakthrough, and can be
detected by a common resistance meter placed downstream of
the polisher.

It should also be noted that some fab plants have specified
a zero detectable boron standard for their process water. This
has lead to the presence of boron being addressed by various
approaches, such as the replacement of the polish bed when-
ever boron concentration reached the detection threshold.
One group has reported, however, that the latter method
resulted in the need for extremely frequent regeneration of the
polish bed—over one hundred times per year. They proposed
instead an approach of using of a boron-selective capture
resin at various places in the treatment stream ahead of the
polish bed to reduce the boron load on that unit.

Recently, it has been noted that a boron breakthrough may
be detected earlier than the silicon breakthrough, and before
a detectable conductivity rise. For this purpose, boron con-
centration is monitored directly, using a sufficiently sensitive
boron detection instrument. The appearance of boron in
treated fab product water may then be used as an indicator of
impending exhaustion of the polishing bed exchange resin.
Boron is displaced earlier, preceding the breakthrough of
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silica, and as such constitutes an indicator that may allow a
more accurate determination of, or at least an earlier, hence
more secure anticipation of, the exhaustion of a normally-
functioning ion exchange bed. For such specialized boron
detection, one instrument maker (Sievers Instruments, Inc. of
Boulder, Colo.) has developed a very sensitive boron detec-
tion instrument for UPW monitoring and treatment process
control. That boron monitor, which is described in published
International Patent Application WO 02/12129, now permits
the detection of boron concentration at very low levels, e.g., at
parts-per-trillion (ppt) concentration levels. That interna-
tional patent application is hereby incorporated herein by
reference in its entirety.

Boron concentration measurements made with such a
detector may in principle be used to anticipate bed exhaustion
and to determine timely maintenance, such as replacement or
regeneration, of ion exchange beds, thus avoiding unantici-
pated deterioration of product water quality or costly shut-
down of the water production. The detection should permit
one to schedule bed replacement or regeneration well before
the occurrence of leakage of silica, or of other more tightly
bound and more destructive ions, through the polish unit in
the product water.

However, boron is a loosely bound ion. Ifone is controlling
based upon a very low detection threshold, it is important that
the level or shape of the boron concentration curve be dis-
cerned, distinct from background. As noted above, it is also
generally accepted that the absolute level of boron should be
relatively low. However, early measurements with a sensitive
detector have uncovered great variations in the boron-passing
or release characteristics in a UPW product water polish
stage. Boron is loosely held, is easily displaced, and is cap-
tured with fairly low efficiency by the remaining downstream
resin. An aged resin bottle, which has already accumulated a
load of boron ions, will release boron ions in proportion to the
total ionic load as it nears exhaustion, increase the residual
level of boron when the water temperature rises a few degrees.
More significantly, applicants have observed that sometimes
newly-regenerated resins appear to release a large amount of
boron. It appears therefore that at least some regeneration
processes do not produce regenerated resin capable of sus-
tained and dependable boron removal.

It would therefore be desirable to provide a regenerated
resin having lower passing or release characteristics, and/or
more effective and long-lasting capture characteristics

It would also be desirable to provide an improved resin
regeneration process that dependably produces regenerated
resin having lower boron passing or release characteristics, or
more effective and long-lasting boron capture characteristics.

It would also be desirable to provide an improved process
for producing low-boron UPW product water.

SUMMARY OF THE INVENTION

One or more of the above desirable ends are achieved in
accordance with one aspect of the present invention, by a
process for regenerating a spent or at least partially exhausted
ion exchange resin that dependably produces a regenerated
and substantially boron-free resin. The regenerated resin,
when returned to a polish unit, provides an essentially boron-
free product water for a substantial time until the resin
becomes highly loaded and approaches exhaustion. The resin
is processed with at least one regeneration step, such as a
caustic treatment for the anion resin, to displace ionic species
from the exhausted anion resin and convert ion exchange sites
to hydroxyl form. The resin processing further involves one or
more fluid-contact post-regen steps, such as rinsedown, flu-
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idized transport or wet mixing steps. In accordance with a
principal aspect of the invention, the fluid-contact post-regen
steps are performed with boron-free water, and/or are per-
formed in a manner that avoids exchange of hydroxide ions
from regenerated anion exchange resin with ions from any
ambient fluid, and which preferable avoids exchange of
hydrogen (hydronium) ions from any regenerated cation
exchange resins with cations from ambient fluid. In as much
as hydrogen form cation resin can sorb weak acids, such as
boric, silicic, carbonic and carboxylic acids in equilibrium
with ambient fluid, and hydroxide form anion exchange resin
can similarly sorb weak bases such as ammonia, urea and
amines, it is preferable that fluids coming into final contact
with such regenerated resins be substantially free of such
weak acids and weak bases, respectively, and preferably com-
pletely free as measured by any relevant analytical technique.
Post-regen steps should also avoid incorporating orphan resin
particles in the separated resins—that is, anion exchange
particles in the resin intended to be exclusively cation
exchange particles and cation exchange particles in the resin
intended to be exclusively anion exchange particles. Such
steps should also be carried out to avoid incorporating non-
regenerated resin particles of any type.

In accordance with another aspect of the invention, a water
treatment plant is operated to produce pure water for use in
regeneration and particularly for any post-regen steps—rins-
ing, final rinsing, resin mixing, resin transport and any other
unit operations requiring fluid contact in the overall regen-
eration procedure. The treatment plant includes and provides
a boron-free water output. As noted above, such output is
preferably free of all weakly ionizable acids and bases, as
well as their ionization products; that is, such output is intrin-
sic water. For example, the product water stream may pass
through various purification unit operations followed by one
ormore polishunit operations intended to produce a stream of
water that is essentially or substantially intrinsic. The product
stream may, for example, be sent to one or more tanks or
reservoirs for later use in regeneration and post-regeneration
steps. The product water may be segregated among such tanks
according to the quality of water actually obtained, and the
best quality water used for more critical operations. The
materials of construction of the tanks and conduits are
selected to avoid contamination of the substantially intrinsic
product water (for example a high quality PVDF) and the
stored water is protected from ambient air contaminants such
as carbon dioxide or microorganisms. Alternatively, or addi-
tionally, treated product water from such a tank may pass
through a final polish loop with one or more polishing unit
operations, such as UV treatment and electrodeionization,
and may circulate to points of use in a regen plant, and/or to
a regen room in a fab or other plant, with excess water being
returned to the tank(s). The intrinsic water stream is moni-
tored for boron concentration (e.g., boric acid) at one or more
points, preferably at least at a position after the polisher or the
final polisher, using a sensitive (preferably sub ppb) detector.
Preferably the stream is also monitored, as applicable, for
conductivity and other (non-boron) undesirable species, e.g.,
TOC, silica, inorganic carbon, urea, ammonia, amines or the
like. The intrinsic water circulation or delivery to the intrinsic
water tank may be suspended or diverted when a detection
threshold concentration is exceeded, so that the water for
regeneration processing remains free of boron and a supply of
intrinsic water is thus assured for use in regeneration and
post-regen rinse and other fluid processes. When this water is
used in critical regen and post-regen unit operations, the
resins are regenerated without picking up fresh boron or other
undesirable contaminants which could elute quickly or
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unpredictably in service. Separate or mixed beds containing
resins regenerated and post-treated in accordance with this
invention using intrinsic water, however, produce water hav-
ing a stable and low content of boron and/or such other
contaminants.

Itis preferred that the separate or mixed beds employ solely
resin that has been treated in accordance with the invention.
However in other embodiments, only resin in a downstream
portion of the bed or beds may be so treated. In that case, any
leakage from or through upstream portions is sorbed by the
downstream portion(s). It has been found, however, that if an
upstream portion of the bed is or has been contaminated by
boron or other weakly held species, such species will march
down the bed, even if the feed to the bed is intrinsic water.
This phenomenon may be attributed to constant re-equilibra-
tion of weakly held species with flowing ambient water.

A water treatment system of the invention may employ a
bed of boron-scavenging resin, such as boron chelating anion
exchange resins based on glucamine or the like, and/or
aggressively regenerated strong base anion exchange resin to
substantially remove boron. Preferably one or more detectors
monitor boron at relevant locations in the treatment system,
e.g., samples water downstream or upstream of the resin bed,
or a probe samples within the resin bed, for example toward a
downstream end thereof or at the output of the upstream stage
of'a two-stage polisher. By sampling at least one point ahead
of'the final outlet, the detector is able to determine a profile of
the remaining resin activity, and deduce the condition of the
bed or the output quality of water treated by the bed, earlier or
more accurately. By sampling upstream of the bed, one may
determine a time/flow profile of remaining treatment capac-
ity, may implement a predictive model of the boron uptake for
scheduling resin replacement or regeneration, and may pre-
dict the output water quality and its suitability for different
end uses.

One embodiment of a UPW treatment system, or a treat-
ment system used to provide intrinsic water for regeneration
and/or post treatment of resin, may employ an ion exchange
unit comprising an upstream resin bottle or contactor unit and
a downstream resin bottle or contactor unit, with one or more
detectors, such as a silica detector, a urea detector, a conduc-
tivity detector or a boron detector, positioned between the
units. Based on detection of a threshold, or an actual or
anticipated breakthrough, the upstream unit is removed for
regeneration, while the downstream unit is moved to the
upstream position and a new or regenerated bottle is placed in
the downstream position. With this lead/lag arrangement, the
downstream position is largely shielded from the major ionic
load, and experiences only a low level of displaced weakly
bound ions; it thereby provides a substantially full ion
exchange capacity when moved to the upstream position,
with only a slight initial ionic loading that is, moreover,
largely comprised of weakly ionic species such as boron and
silica, concentrated at its upstream end. Thus, in upstream
service it will capture all strongly bound ions, and recapture
substantially all weakly bound ions displaced by the strongly
bound ions, passing only a slightly higher residual level of
weak ions. When the detector again detects impending
exhaustion of the upstream bed, the upstream bottles are
again sent out, and the downstream unit(s) moved forward
and replaced by new units. At regular intervals, for example at
every third silica or conductivity breakthrough of the
upstream bottle, both bottles may be sent out for regeneration.
This modified lead/lag procedure assures that, at no point
does the current downstream bottle possess a distribution of
weak ions that would bleed at an unacceptable level into
product water. While such bed rotation has been described in
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terms of two resin contactor units, more units may be used, for
example in a “carousel” arrangement.

It will be seen that in principal according to this invention,
in an ion exchange resin regeneration facility making regen-
erated resin intended to produce essentially intrinsic water,
part of the resin so regenerated may be diverted to furnish the
intrinsic water for the resin regeneration processes. In orderto
minimize the amount of resin needed for this water supply, it
is preferable that the water be extensively pretreated by unit
operations of known type so that it is substantially free of
TOC and minerals. Also, while the invention is described
largely with specific reference to removal of boron to below a
threshold that has become critical for semiconductor fabrica-
tion, the invention applies, with corresponding changes, to
any and all contaminants that are weakly bound by such
resins, including silica, carbonic acid, urea, ammonia,
amines, carboxylic acids and so-called “pseudo-salts” such as
mercuric chloride or mercuric cyanide. These may for
example belong to a class of at least slightly soluble
uncharged weakly dissociated (or strongly coordinated) coor-
dination compounds, which share some treatment properties
with weakly dissociated acids and bases. Since many water
sources are contaminated by industrial and agricultural efflu-
ents, and fab plant processes may be susceptible to ppt-levels
of contaminant these weakly ionized or uncharged coordina-
tion compounds must be watched carefully.

BRIEF DESCRIPTION OF DRAWINGS

These and other features of the invention will be under-
stood from the description and claims herein, taken together
with the drawings of representative embodiments and illus-
trative details thereof, wherein:

FIG. 1 is a schematic representation of a UPW treatment
plant of the prior art and of the present invention;

FIGS. 2 and 2A illustrate an ion exchange resin bottle and
evolving ion distributions in the resin;

FIG. 3 illustrates a resin regeneration process in accor-
dance with one aspect of the present invention;

FIG. 4 illustrates UPW plant operation in accordance with
another aspect of the invention;

FIG. 4A illustrates resin contamination during regenera-
tion; and

FIGS. 4A and 4B illustrate a separation device according to
another aspect of the invention for addressing the contamina-
tion of FIG. 4A.

DETAILED DESCRIPTION

FIG. 1 schematically illustrates a water treatment plant
100, which may be conveniently viewed as a sequence of
treatment or conditioning processes (not separately identified
in the FIGURE) some in series and some in parallel that
perform a pretreatment 10 followed by further treatment 20 to
produce a product water substantially free of impurities, i.e.,
intrinsic water. The exact unit operations in treatment pro-
cesses 10 and 20 may vary widely, depending upon the quality
of' the starting water or feed stream, and the desired quantity
(recovery) and qualities of the high purity treated water, i.e.,
the product stream.

The pretreatment 10 may include processes that are carried
out upstream in the supply, such as settling, flocculation and
filtration to render the water suitable for later treatment
stages, as well as processes such as sterilization, softening,
pH adjustment or the like which may serve to address specific
impurities or to enhance the stability, yield or operation of the
pretreatment or of the later stages. Typically such treatment
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(e.g., municipal treatment) removes a major portion of sus-
pended solids and microorganisms, and may reduce or
change the ionic load when unit operations such as coagula-
tion and microfiltration are applied upstream. At a fab plant or
regen facility, the pretreatment stage may include any of the
above processes if the source is local, and may further include
(generally finer) filtration, as well as operations to address
species, specific contaminants or pH conditions including any
introduced earlier by the upstream treatments or processes.

The treatment stage 20 may also involve a number of
different processes. For example in a semiconductor primary
make-up water plant, the in-plant treatment of the resulting
feed stream achieves a higher degree of purity by various
processes of finer filtration (e.g., by dead end cartridge filters,
dead-end or cross-flow microfiltration or ultrafiltration, or
precoat filters), deionization/demineralization (e.g., by ED,
EDI, RO or nanofiltration, ion exchange beds or distillation),
sterilization and degasification of the water. Scale-forming
and other electrolytes, large molecules and a substantial por-
tion of the ionic load may be removed by reverse osmosis
(RO) membranes, while high levels of deionization or dem-
ineralization are typically achieved by passing the water
through units such as electrodialysis or electrodeionization
units and/or ion exchange beds. Residual levels of organic
carbon compounds are often addressed by one or more steps
such as capture in activated carbon or other beds, and break-
down with ultraviolet radiation or ozone, possibly preceding
or following one or more of the above-listed impurity removal
units that are effective for removing smaller molecules and
ions produced by these processes. In some parts of the world,
it is common to have a number of ion exchange resin beds
constitute the major front-end treatment—e.g., a cation
exchange bed, an anion exchange bed, and a mixed ion
exchange bed for demineralizing the feed. In systems for
producing suitably pure water various known combinations
of oxidizers (e.g., catalytic and photolytic) and sorbers or
filters may also be used to address organics and certain pro-
tected or poorly ionized or less soluble components.

In accordance with one aspect of the present invention, the
high purity treatment stage includes a polish stage 22 in which
residual impurities are removed. Polish stage 22 may be
physically located at an output end of a sequence of treatment
units so that it treats the water from upstream treatment opera-
tions. It may alternatively or additionally be located at the
downstream end of a second or intermediate treatment seg-
ment of a multi-stage treatment plant. Typically, final polish
unit operations (not shown) are also provided, e.g., down-
stream of polish 22 or in a portion of the plant that receives or
uses water that previously passed through the polish 22, to
polish water entering the plant’s main UPW distribution net-
work.

As noted above, such a final polish typically involves large
capacity beds or anumber ofbottles, and is generally replaced
with new resin when it becomes exhausted. However, the
resins of polish stage 22 are typically replaced more fre-
quently, and for this purpose, fresh regenerated resin is sub-
stituted when water quality drops or is expected to suffer.
Stage 22 includes one or more exchange units, typically in the
form of mixed ion exchange resin beds or bottles, of which
one bottle 30 is schematically illustrated in cross section in
FIG. 2. Mixed resin from such beds or bottles is preferably
regenerated at a separate regeneration facility, which may be
part of the same plant (for a large semiconductor fabricator)
or may be an offsite independent resin reprocessing facility,
rather than regenerated in situ.

As shown in FIG. 2, resin bottle 30 has a water inlet 32 at
its proximal end 31 through which inlet water to be treated
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enters and permeates downwardly through an impurity cap-
ture medium 35, e.g., a mixed bed of ion exchange resin
beads, which capture the remaining impurities as the water
flows toward the distal end 33 of the bottle. Various screens,
filters or seals (not shown) assure that the capture medium,
e.g., the beads of exchange resin, remain in the bottle. At end
33, an opening 34q in a weir-like collector plate 345 (shown
partially cut away) acts as an exit port, blocking loss of beads
while permitting the polished water at the distal vessel end 33
to enter the exit pipe 34¢, whence it flows back up within the
column of resin 35, connecting to an outlet 36 at the proximal
end 31 of the bottle. Thus, in the configuration shown, water
flows unidirectionally through the resin bed, from the top of
bottle 30 downward, becoming progressively purified by con-
tact with the medium, resin 35. Correspondingly, the column
of resin 35 in the bottle becomes progressively mineralized,
or spent, over the course of its useful life, from the top down
as it captures impurities from the inlet water. Bottle 30 may be
oriented in any direction, and the terms “top” or “top down”
are intended only to refer to the inlet end, or the inlet-to-outlet
direction.

The overall course of medium activity and state of the
medium bed over time is illustrated schematically in FIG. 2A,
using ion exchange resin as an example of the capture
medium. At time t=0 the resin is in a substantially completely
regenerated state. Later, at time t=1 corresponding to a rela-
tively fresh resin state, for example after about 5-10% of its
useful duty life, a relatively shallow layer of resin near the
inlet end 31 has captured ions from the treated water. The
latter include both strongly bound ions and weakly bound
ions. At this stage the resin below the capture zone remains
strongly active and its functional exchange sites remain sub-
stantially in the hydrogen and the hydroxide forms, respec-
tively. The resin in the capture zone itself may still possess
substantial amount of anion exchange sites in the hydroxide
state.

As further shown in FIG. 2A, at a later time t=2, the depth
of the resin bed that has been substantially taken up by cap-
tured ions extends more deeply and the cumulative load of
strongly bound ions has increased. The resin at the proximal
end has many or most of its ion exchange groups occupied,
and arriving strongly bound ions compete with, and displace,
the already-captured but weakly bound species. The latter
move further downstream, and are largely re-captured down-
stream by the essentially fully-regenerated resin. The effec-
tiveness of this capture is weak, however, so that the weaker
ions are taken up over a relatively long downstream plume.
Thus, the resin bed 35 then has a longer “capture” zone, the
composition of which is graded from a well-defined self-
sharpening band upstream comprising predominantly
strongly bound ions, to a diffuse (non-self-sharpening) region
downstream thereof consisting predominantly of weakly
bound ions. At such time t=2, a substantial portion (R) of the
bed height still remains substantially fully regenerated, still
quite effective at stripping residual ions from the water com-
ing from upstream. For example, in the case of a bottle five
feet in length, the region R may extend more than two feet
along the downstream end of the flow path. Since strong ions
are captured quite quickly, and even weak ions may be cap-
tured at a rate to effect a significant reduction in load (e.g., a
2 log reduction per 50 mm of travel through the fresh resin),
all ions are still captured and remain within the bottle. The
resin bottle functions properly.

The third panel of FIG. 2A shows the situation at a later
time t=3. At this time, the total bed burden of removed min-
erals is quite large. The strongly bound ions have displaced
weakly bound species toward the distal outlet 34a (FIG. 2),
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and the weakly ionic species such as silicic and boric acid,
urea, amines now reside in a band broadly distributed down-
stream of the sharply define capture band comprising strongly
bound ions. In actual operation, the bands are not clearly
delineated; each involves a distribution tapering in concen-
tration or extending into an adjacent region. Further, at such
time t=3 the length R of the resin that remains substantially
completely regenerated has become quite small, extending
for perhaps only a few inches upstream of the outlet 34a. For
many feed waters and treatment systems, the boron (boric
acid) region may extend downstream of the silica (silicic
acid) region and thus constitute an earlier breakthrough or
quality-affecting event. As upstream resin exhaustion
becomes more intensive and extensive, the remaining length
R of strongly active resin may be able to trap/capture only a
small fraction of the weakly bound ions reaching it. Weakly
bound ions may then leak out, and the electrical conductivity
of the effluent may thereafter start to rise detectably. More-
over, boron passage at t=3 (and potentially the other weakly
bound species) may already increasing; A sensitive boron
detector as described in the aforementioned international
patent application may detect the increased boron concentra-
tion in the output, providing an indication that the exchange
resin should be replaced or regenerated. Thus, the bottle may
be taken out of service and its resin may be regenerated or
replaced at this time rather than relying on the conventional,
later, conductivity increase or silica breakthrough monitoring
to determine when resin bottles are to be regenerated.

When regeneration of the exchange resin in the prior art is
carried out after removing the resin from the bottle, typically
the resin from many bottles, columns or beds is consolidated
as a batch for regeneration. Mixed resins are first separated,
e.g. by a hydraulic separation technique that relies upon the
different settling rates in a flowing fluid (as determined by the
differing particle densities, fluid density and other factors), or
when such separation is not feasible, by additional techniques
such as screening. The anion resins and cation resins so sepa-
rated are regenerated separately. The anion exchange resin is
regenerated by placing the resin in a bed and flowing very
pure caustic (e.g., at a 4-8% concentration) through the resin
bed to strip accumulated ionic loading and return at least the
upstream portion to a substantially complete hydroxide form.
The caustic remaining in the upstream portion is then driven
downstream and removed, e.g., by physically driving the
caustic solution out of the tank or regeneration vessel using a
flow of intrinsic water. The caustic thereby contributes to the
complete regeneration of the downstream resin. This regen-
eration step may be repeated one or more times, and this may
be done in conjunction with one or more displacement or
conversion (colloquially “salt squeeze”) steps to enhance the
effectiveness for removing one or more specific components
of'the ionic burden in the bed. The regenerated resin may the
be rinsed down for an extended period, which may be as long
as twenty four hours, until the rinse water has an acceptably
low level of boron, or conductivity, or silica, TOC or other
contaminants. Part of the rinse water may be recycled, with or
without purification (e.g., by ED or EDI) to make up regen-
erant solution and initial rinses. In various known processes,
if the resin is to be returned to a resin bottle, the regenerated
resin is then loaded by flowing it in a liquid slurry or suspen-
sion into the bottle. When a mixed bed/bottle is desired, the
regenerated resins may be mixed and then loaded into a bottle,
or loaded and then uniformly intermixed. Mixing may be
accomplished by applying a sparged bubbling or pulses of gas
in ashallowly-covered bed of anion and cation exchange resin
beads. The pulsatile regimen causes the different resins to
become well interspersed. Thus, the regeneration steps
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involve much contact with water for operation of caustic
displacement, rinsing, particle transport and mixing steps.
Similar procedures should be used to thoroughly regenerate
cation exchangers, e.g., using very pure sulfuric, hydrochlo-
ric or other acid instead of caustic.

In addition to or as an alternative to regeneration with pure
caustic or pure acid, respectively, other regeneration methods
have been proposed and may be in use. One such proposal is
a process of regeneration by loading the resin into an elec-
trodialysis unit and running a flow of demineralized UPW
water through the unit for an extended period while the elec-
trodes are energized in this case the resin is regenerated and is
stripped of a substantial portion of its ionic load by electrodi-
alysis. See, e.g., Walters et al, Industrial and Engineering
Chemistry 47 (1) (January 1955). In this case the concentra-
tion compartments are preferably also loaded with resin to
lower the stack resistance, and electrical current is passed
through the stack until the current efficiency, or transport of
non-hydrogen, non-hydroxide ions is not detectably different
from zero. The resin may then be removed from the stack and
loaded in a bottle or bed. In this case also, the regeneration
steps as well as the post-regen transport or handling and other
steps involve extensive contact with water. In the case of
electrodialytic regeneration, hydroxide and hydrogen ions
are provided by water splitting at resin or bead interfaces;
other electrolytic processes can be applied to regenerate resin
by electrolysis at adjacent electrodes or composite membrane
electrodes. See, for example, Galliland, U.S. Pat. No. 3,645,
884. In accordance with a principal aspect of the present
invention, water used in critical regeneration steps should be
essentially free of the problematic species in the above
example, boron—or more generally the resin processing
water should be essentially intrinsic water.

In addition to separation and regeneration of resin removed
from bottles tanks or other containers, in situ separation and
regeneration are also commonly practiced. For in situ regen-
eration of a mixed bed, suitable separation of the different
resins is effected; for example, an upflow of fluid may be
applied to the mixed bed to separate the exchange resin beads
into an upper (anion) exchange resin layer and a lower (cat-
ion) exchange resin layer, and water may then be injected
between the layers to maintain separation, or a layer of neutral
beads of intermediate settling rate may be interposed to avoid
creating a zone of mixed resin. A flow of caustic may then be
introduced from the center upward and a flow of acid intro-
duced from the center downward, to regenerate the respective
resin layers. Once regenerated, the beads may be mixed in
place and subjected to a top-down rinse to quality. Various
other protocols may be followed. For example pure caustic
may be passed through both layers, regenerating the anion
resin and converting the cation resin to sodium form. The
cation layer may be subsequently regenerated with pure,
strong acid. Still other protocols may involve different
sequences of regenerant flow between one or both ends and a
central distributor/collector. During these processes, pure
water may be passed through one half of the column to pre-
vent intrusion of the regenerant flowing in the other half, and
this water may serve as at least part of the rinse for such resin.
Once regenerated by any of the above methods, the resins are
remixed as describe above.

Some Preferred Embodiments

The discussion below is intended to encompass improve-
ments in all such regeneration processes, by illustration,
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addressing in detail for clarity of exposition, the regeneration,
fluid-contact and handling steps of a batch regeneration pro-
cess.

Briefly, applicant has found that even a newly-regenerated
resin bottle 30, containing resin that has been regenerated by
a conventional process, when it is placed in a polish stage or
final polish loop as described above, may release an unex-
pectedly high amount of undesirable contaminant, e.g.,
boron. The boron concentration in water leaving the bottle 30
may be greater than that entering in the treated stream. Apply-
ing a boron detection threshold as described above to deter-
mine when to replace the resin bottle would then result in an
unusually short duty life, of hours or days, instead of weeks or
months. Following a methodical investigation, applicant real-
ized that this situation was caused by the presence of inexpli-
cably high levels of boron loading in at least some of the resin
beads present in a regenerated bottle, and that the regenera-
tion process thus involved boron contamination. Applicant
further surmised that boron-contaminated but otherwise
regenerated resin resided, at least in part, at a downstream end
of'the bottle where effective recapture would not be achieved
and boron leakage out of the bottle would thus arise. An
analogous situation could apply to the other weakly bound
species identified above. Further investigation resulted in a
realization that one source of the contamination resulted from
contact with various rinse and other waters during the regen-
eration processing, and was exacerbated by localized enrich-
ment processes and subsequent bead dispersal processes gov-
erned at least in part by the positioning and movement of resin
during handling in the regeneration, rinsing and loading pro-
cedures.

To solve the problem of underperformance and premature
breakthrough of the resin, applicant developed an improved
regeneration process and system, wherein the improvement
includes steps and apparatus for scrupulously controlling the
undesired weakly bound entities in the water which will come
into contact with the resin during the late stages of and after
regeneration, e.g. employing substantially boron-free water
for such contact. Such process and apparatus assure that
boron is not inadvertently introduced into otherwise thor-
oughly regenerated resin, anion exchange, cation exchange or
other. The process is applicable to address any and all weakly
bound entities. In this regard, applicant realized that when a
water intended to be essentially intrinsic, such as the UPW
plant water, is employed for such post-regen processing
water, then if that UPW plant water were produced during the
time when the polish resin bottles approached exhaustion
(e.g., near time t=3 in FIG. 2A when silica is about to break
through or conductivity rise), the product stream would
already have experienced elevated levels of boron for some
period of time due to displacement or other release, and
non-recapture of the downstream weak ions (FIG. 2A, t=3).
The boron would be released in proportion to the total (i.e.,
integrated) ionic load of the water entering the polish bed.
Thus, an extensive flow of such boron-laden water in the
treated product stream still possessing apparently acceptable
conductivity and high purity may have been accumulated and
applied for regeneration (or other) purposes. Applicant fur-
ther found that such water may introduce localized boron-
enrichment in the freshly-regenerated resin, especially when
a large volume of such water is used for an extended rinse
down. Upon contact to a regenerated anion exchange resin,
this boron-enriched water would lose its boron substantially
instantaneously to a shallow surface layer of the regenerated
resin bed, thus contaminating a localized layer of the suppos-
edly fresh resin with a significant dose of boron. During a
twenty-four hour rinse down, the boron loading acquired by
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the upper layer of resin would be quite high. When this
regenerated but boron-contaminated resin is moved from the
mixing/rinse tank into bottles, or is redistributed within the
same bottle, the layer of beads thus contaminated can shift (as
discussed in regard to FIG. 4A below) and be transferred as a
slug to naturally fill a substantial portion of a bottle, or even
worse, fill a portion of the distal end 33 of a bottle. In that
event the layer could quickly start leaking boron from the
otherwise regenerated resin column. As the surface layer
slumps inwardly when resin is withdrawn from the regenera-
tion tank, the resin with enriched boron loading may be drawn
off as a slug into one or more bottles while earlier- and
later-filled bottles remain unaffected. The formation of local-
ized pockets or layers of regenerated resin that have acquired
an enriched burden of weak ions is addressed in other aspects
of'the invention by techniques of resin segregation or separa-
tion during regeneration handling.

In addition to these aspects of unintended ion loading aris-
ing from the handling and rinse procedures, regeneration
processes of the present invention preferably also address the
possibility of “orphan” beads, that is, exhausted resin beads
that fail to be regenerated either because they were left in the
exhausted bottle (e.g., stuck to the wall during the emptying
process), or were positioned in a stagnant space in the regen-
eration tank (e.g., in a dead-ended leg or stub, or below or
between distributors). Great care is taken in transferring and
handling the resin to avoid such sources of contamination.

The above circumstances are addressed and regenerated
resin is prevented from acquiring boron loading in accor-
dance with one aspect of the invention by using a boron
concentration detector (or more generally a detector for any
of'this class of problem contaminants) in the polish stage of'a
treatment plant to determine whether the treated output is
suitable for use in regeneration processing. When the concen-
tration of boron starts to rise above a certain threshold (for
example, one ppb), the water is stopped, or diverted or oth-
erwise is not allowed to mix with or pass to the UPW stream
or to the supply used in regeneration. For various configura-
tions of the invention the detection threshold may be set at
different values. For example a threshold of 70-80 ppt may be
used for waters that are to be applied in quantity—such as
rinse waters for final rinse down—to regenerated resin beds.

Rather than detecting boron concentration to assure the
substantial absence of boron in the UPW product that is used
for regeneration, the suitability of the UPW product may also
be assured, in accordance with another aspect of the inven-
tion, by carrying out a polish loop operating procedure that
always assures boron-free product. As described further
below, this may be readily accomplished while reducing over-
all regeneration requirements by employing a staged polish
unit, such as a two-bottle staged unit. One effective operating
procedure may use a simple conductivity measurement at the
upstream stage to achieve dependable limits on boron leak-
age.

FIG. 4 schematically shows such a UPW treatment system
for providing product water for regeneration processing of
resin, and operated to assure that contaminated water does not
exit the treatment line. This is accomplished by providing a
capture unit, or final polish unit operation that effects boron or
other weak ion capture, and by operating the unit as described
below.

The unit operations may include an upstream ion exchange
bottle or stage and a downstream bottle or stage. Each of these
units will typically comprise a single tank, or a number of
bottles, e.g., about 4 to 40 bottles, of resin, in proportion to the
required flow volumes and treatment line capacity; and these
may, for example, be mixed resin. However, since the anion

25

30

40

45

55

14

resin generally is exhausted first, the discussion herein shall
refer to anion exchange resin, or to mixed resin with anion
breakthrough occurring before cation breakthrough. Opera-
tion is as follows. Upon exhaustion of the upstream unit, the
upstream unit is removed for regeneration, while the down-
stream unit is moved to the upstream position and a regener-
ated (or new) boron-free bottle is placed in the downstream
position. The bottle status is detected by a detector D. In the
embodiment of FIG. 4, the detector D is placed ahead of the
downstream unit to detect exhaustion, or impending exhaus-
tion, of the upstream bottle and determine when to shift the
downstream bottle forward. With this lead/lag arrangement,
the downstream position is largely shielded from the ionic
loading, and thereby always provides a substantial ion
exchange capacity that prevents any significant level of boron
from leaking past it into the product water. The polish stage
may also comprise more than two such units, for example in
a carousel, wherein the respective units are successively
shifted forward upon each breakthrough detection of a front
unit.

The invention may be implemented with different detec-
tors and operating protocols.

When the detector D is a simple conductivity detector, then
the upstream bottle may have started shedding boron by the
time detector D registers a change threshold; however the
downstream bottle will have ample capacity, and will effec-
tively capture this initial boron leakage at its upstream end.
Thus, the downstream bottle will be only slightly boron-
loaded (with boron confined to the upper region of the bottle)
when it is moved to the upstream position and replaced with
a regenerated bottle. In this case, when the (conductivity)
detector next registers an increase indicative of impending
bottle exhaustion, boron will have been leaking for a longer
period. The downstream bottle will have a greater loading
extending diffusely toward its downstream end. To address
this situation, the lead/lag bottle replacement protocol is
modified by periodically replacing both bottles concur-
rently—for example, at every second or third detector thresh-
old detection. A similar modified lead/lag protocol with peri-
odic replacement of both bottles may be followed when the
detector employed as detector D is a silica detector located
between the bottles to indicate upstream bottle exhaustion.
Alternatively, a boron detector may be employed. In this case,
the detector may be positioned downstream of the down-
stream bottle, and a similar modified lead/lag protocol may be
followed to prevent boron leakage in the product water. Alter-
natively, the detector D may be a boron detector positioned
between units as shown in FIG. 4. This is a preferred
approach, since the detection is direct and does not depend on
correlated conductivity changes. In that case it may then
detect the state of the upstream bottle earlier, and no boron
loading will occur in the downstream bottle. When using a
boron detector, a strict lead/lag bottle replacement regimen
(with or without periodic replacement of both bottles) is
effective to assure that no boron leaks into the polished prod-
uct water. It is also possible to employ a sequence of three
bottles in the process to further guard against leakage of the
downstream bottle between complete replacements.

Thus, these operating and detecting steps assure that at no
point does the lag bottle become saturated with boron or start
bleeding boron into the product stream. The analytic deter-
mination of the replacement interval for sending both bottles
out for replacement may be made based on cumulative effects
of'low-level boron release or passage from upstream units, or
the cumulative increase in baseline downstream loading,
since the last complete resin regeneration. When the boron
detector is positioned between the upstream and downstream



US 9,044,747 B2

15

ion exchange units as shown in FIG. 4, then conventional
lead/lag bottle replacement assures boron-free water. In
embodiments wherein detector arrangement does permit
weak ions to reach the downstream bottle, the boron problem
may also be addressed by replacing both bottles but subject-
ing the downstream bottle to a lighter regeneration, thus sav-
ing regeneration costs.

The problem of resin contamination during regeneration
may also be addressed by other steps in accordance with the
present invention. This will be better understood from a dis-
cussion of typical prior art regeneration processing 200 as
shown in FIG. 3. At a first stage 201, resin from spent bottles
or other vessels is separated into anion (AX) exchange resin
and cation (CX) exchange resin. Typically, mixed resins are
compounded with different size and density for the two types,
allowing the two resins to be isolated by hydraulic separation.
The AX and CX resins are then loaded into separate tanks at
stage 202, and the AX resin is treated with very pure caustic
at stage 203 at a suitable concentration, e.g., typically
4%-8%. The caustic treatment displaces a most if not all of the
captured ions from the spent resin, as well as organic and
inorganic foulants, regenerating the resin to hydroxide form.
Often the resin may contain polymeric silica, and it is then
desirable to use the caustic to accelerate depolymerization of
the silica. A substantial soak time may then be required.

The caustic is then displaced from the regeneration tank at
step 204 by a flow of clean water, which may also be warm.
Typically the clean water at stage 204 is applied along the
same direction as the caustic, typically from the top of the
tank, pushing the caustic downwardly and out. The clean
water thus contacts the fully regenerated resin, and any min-
erals present in the clean regen water are immediately cap-
tured by the upper few inches of the resin bed. Thus, at this
stage, if the clean regen water in fact possessed a boron
loading (or other weakly bound species), the upper few inches
of the resin in the tank would pick up substantially all of this
boron or other species immediately downstream of whatever
region had been occupied by any strongly bound ions.

Washing with caustic may be performed several times,
together with ancillary processes, such as displacement or
conversion steps that enhance the rate or endpoint of removal
of the captured ions. One or more rinses 205 may also be
applied at this stage, again with the possibility of stripping
ions from the rinse water into the upstream few centimeter
layer of the resin in the regen tank.

The regenerated cleaned resin is then transported with fluid
to a remix tank 206 and combined with regenerated CX resin.
The resins at step 207 are mixed in the remix tank. Typically,
movement of the resin from the regen tank to the remix tank
is carried out hydraulically, in a fluid flow using clean water to
transport the resin. In the remix tank the resin undergoes a
mixing operation 207 to uniformly intersperse the different
AX, CX resins. This mixing is also a fluid-contacting opera-
tion, and is typically effected by blowing down the water level
to about an inch above the surface of the resin, and applying
short bursts of inactive gas (i.e., gas free of ammonia, carbon
dioxide or other components that might interact with the
exchange resin) upward from the bottom of'the tank to agitate
the resin beads without, however, permitting fluidized settling
or sedimentation of the beads to occur. Once the regenerated
resins have been remixed, they are rinsed down to quality in
the remix tank or another tank at stage 208. This may be a
lengthy rinse, typically a few hours but possibly tens of hours,
so that a substantial amount of ions may be captured from the
rinse water, if any are present. Typically, following rinse
down, the clean regenerated resin is next transported to
bottles at a step 209. Transport to bottles is typically per-
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formed as a flow of hydraulic slurry, and the fluid is then
blown out of the bottles at stage 210.

Thus, following caustic treatment or treatments of the
anion exchange resin with caustic, there are a number of
stages where clean water and or gas contacts the resin. When
this fluid is applied top-down either as a single pass or circu-
lated flow, any ions present in the fluid may become captured
at higher concentration in a localized (top or upstream) stra-
tum of the resin, thereby producing a body or layer of more
highly-laden resin particles that will later shed their weak
ions when placed in service. If this ion capture occurs before
the resin is loaded in the final bottles, the contaminated beads
may end up in the downstream end of the resin bottle.

FIG. 4A illustrates this situation and its evolution during
the regeneration procedure. A remix tank 300, holding by way
of'example about fifty cubic feet (2 of regenerated resin 310,
has been rinsed down for an extended period, resulting in the
formation of a layer of enriched or ion-laden resin 311 at the
top of the tank. The solid lines represent the situation imme-
diately after rinse down to quality. That rinse down consti-
tutes the major exposure to water in the regeneration process-
ing, and thus has the greatest potential to form substantially
enriched (contaminated) layers or pockets of resin. In FIG.
4A, alayer up to several inches deep has been formed at the
surface of the bed during step 208. As the rinsed resin is drawn
from the tank into clean resin bottles at step 209, the remain-
ing resin slumps, as shown by the dashed line contour in FIG.
4A. The contaminated layer moves centrally and downward,
forming a plug-like or concentrated body 312, schematically
shown as a dark descending whorl or vortex in the remaining
resin. As is apparent in FIG. 4A, this spatially-concentrated
mass of recontaminated resin may be drawn as a single mass
or slug, or as several successive masses or slugs, into a bottle
being refilled. The first few bottles are thus filled with clean
resin delivered exclusively from the bottom of the tank, while
one or more of the subsequent bottles, or downstream ends of
the subsequent bottles, may be filled to a substantial or even
complete extent with significant amounts of the recontami-
nated resin 311.

The invention solves the above problem in one or more of
several ways. Thus, by assuring that the water used for regen-
eration is sufficiently is clean, i.e., is substantially intrinsic
water, free from boron and strongly bound as well as weakly
bound entities generally, as discussed above, applicant
assures that the regenerated resin does not acquire such a
boron-laden or recontaminated band 311, 312, and moreover
possesses an essentially unmeasurably low loading of such
entities throughout. As a result, bottles or beds packed with
the regenerated resin will not have highly contaminant-laden
resin loaded into or dispersed within it. Instead, they will have
essentially pristine resin throughout, and will result in a well-
defined and clearly detectable residual ion concentration in
the product water that is readily interpretable as a bed aging
curve for effecting fab plant treatment control. That is, the
beds will exhibit the expected high purity water until shortly
before true resin exhaustion. This will allow the detection
methods described above (electrical conductivity, boron con-
centration, silica concentration) to be used to determine when
the effluent water may be safely used, e.g., in a fab plant. It
also allows the detection to predict the time when bottle
regeneration or replacement will be required. The same han-
dling precautions allow virgin resin to be dependably handled
and installed without contamination.

As noted above, the common practice of processing the
regenerated resin with supposedly clean rinse or other water
can lead to contamination of upstream portions in a rinse tank
when such water in fact contains contaminant species. Such
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contaminated portions or layers have been found to be a
significant source of dispersed contamination under the nor-
mal handling conditions discussed above. However, one
method of addressing that problem in accordance with the
present invention is to reload the resin in its final bottles
before rinse down. This assures that, although the top stratum
of resin in the bottle or vessel may acquire ionic loading, the
contaminated resin is not dispersed and leakage of weakly
held ions will not occur until natural exhaustion in continued
use proceeds along the full depth of the bed.

In another aspect of the invention, to assure that no bottle or
vessel receives a bolus of recontaminated resin, applicant
rinses in a conventional fashion, but physically separates the
top stratum of rinsed resin from the remainder of the regen-
erated resin at this stage of the resin regeneration process,
leaving only uncontaminated resin to refill bottles or vessels.
In one embodiment of this aspect, this is achieved by placing
a screen, perforated tray or other bead-retaining structure 55
some inches below the upstream surface of the bed of regen-
erated resin in a final rinse-down tank as shown in FIG. 4C.
Conveniently this structure may be a liquid distributor. After
final rinse down, resin above the screen may be lifted out or
flow-transported from the vessel. The remaining major por-
tion of the bed is then free of contamination and may be safely
transported out the lower end of the tank into bottles or other
vessels. The possibly contaminated upper portion that is
removed may be recycled to the regeneration process. When
physical separation of the resin bed in this manner is used, the
rinse water need not satisfy the stringent purity level
described above; the regenerated resin is allowed to suffer
local contamination and the contaminated top layer is simply
separated; and preferably retained to be added in to the next
tank for regeneration. The lower portion of the bed would be
substantially free of ions and ready for filling into bottles.

Such embodiment is equivalent to a final polish of the input
rinse down water. The portion of resin subject to contamina-
tion may therefore be loaded into a first rinse tank, the remain-
der loaded into a second such tank and the rinse down water
then passes through the first tank, the effluent therefrom flow-
ing into the second tank.

In accordance with another aspect of the invention, physi-
cal separation of contaminated regenerated resin may also be
achieved by providing a phantom stratum or pre-layer of resin
ahead of the regenerated bed, or regenerated and mixed bed,
to capture the ionic load of the rinse water. The phantom
pre-layer is preferably provided as a resin-filled cap, car-
tridge, bed, bottle or another vessel that fits in-line upstream
of or above the regenerated resin during a rinse operation,
effectively polishing and/or re-polishing the intended rinse
water before it reaches the resin bed. Such a phantom stratum
may have a considerably larger volume than the strata dis-
cussed above, and may serve for many regen batches. The
effluent leaving the stratum should be monitored for quality,
and its resin replaced or regenerated long before break-
through of weakly held species occurs. Such a phantom stra-
tum arrangement is illustrated for a cylindrical tank 40 in FIG.
4B. The tank has a top or proximal end 41 and a distal or
bottom end 43, with an outlet port at the distal end. The
pre-layer may be embodied as a cap or a cartridge structure 45
that fits on top of the tank 40, and holds a bed, preferably at
least several inches long along the direction of rinse flow, of
regenerated resin 50. The bed depth may be less if finer size
resin beads (such as employed for power plant condensate
polishing) are used. The resin 50 may be identical to the resin
35 that is being rinsed. However, cap structure 45 separates
and secures the resin 50 in an upstream position, so that any
ionic loading in the rinse water will be entirely taken up by the
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resin 50 rather than the resin 35. After rinse, the cap is
removed, and the tank or bottle (stage 208 or 209, above) is
treated as before. The pre-layer may also be embodied in an
in-line cartridge (illustrated) through which fluid is provided
to the top of the tank. The cartridge may be placed in the
caustic path to the regeneration tank and thus be regenerated
when not used for polishing rinse water.

Thus, physical separation of the potentially loaded layer
will assure that the regenerated remainder of the resin is
suitably clean for UPW polish applications, and the bottles of
ion exchange resin refilled from the mixing tank will have
long life and dependably low leakage of weakly ionic species.
During the rinse to quality, the effluent of the resin column
may be monitored for a boron endpoint to assure optimum
suitability of the regenerated beads. This data may also be
used to modify or control regeneration process variables. In
water treatment systems having a boron monitoring on polish
stages, one or more flows may be controlled based on detected
boron leakage levels, or on boron concentration and tempera-
ture.

It will be understood by those skilled in the art that various
substitutions or changes in elements may be employed in
carrying out the invention. Thus, rather than employing a
detector between polishing units, the invention may employ a
probe that samples water from a position between polishing
units, or from an intermediate position or depth of a polishing
bed of resin or elsewhere. Similarly, while the invention has
been described in relation to conductivity and to weakly ionic
silica and boron species captured in anion exchange resins,
similar effects apply to cation exchange resins, and the inven-
tion contemplates corresponding precautions, changes in
regeneration handling, introduction of sacrificial or phantom
resin strata in the flow path, and other effective counter mea-
sures to assure purity of regenerated cation exchange resins.

The invention being thus disclosed and illustrative embodi-
ments described, further variations and modifications within
the scope and spirit of the invention will occur to those skilled
in the art, and all such variations and modifications are con-
sidered to be within the invention as defined herein and by the
claims appended hereto.

The invention claimed is:

1. A process for regenerating an ion exchange resin, the
process including displacing captured ions from the resin to
regenerate its ion capture functionality followed by rinsing
the resin to remove excess material, wherein the improvement
comprises the step of rinsing or otherwise contacting the resin
with deionized water from which boron has been excluded
below a boron content of 1 ppb or less.

2. The process of claim 1, wherein boron is specifically
excluded by the step of providing a sacrificial layer of resin
upstream of said ion exchange resin to capture boron present
in rinse water.

3. A process for regenerating an ion exchange resin, such
process comprising the steps of:

regenerating an ion exchange resin thereby displacing cap-

tured ions from the resin to regenerate its ion capture
functionality;

depositing the regenerated resin in a tank to form a bed of

regenerated resin;
placing a bead-retaining structure below a top surface of
the bed of regenerated resin to form a to stratum of resin;

applying deionized rinse water in a downward direction to
the top surface of the bed of regenerated resin whereby
the to stratum of resin is preferentially contaminated
with boron; and
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removing the top stratum of resin from the tank after the
step of applying the deionized rinse water to the top
surface of the bed.

4. A resin regeneration process comprising the steps of:

regenerating an ion exchange resin thereby displacing cap- 5
tured ions from the resin to regenerate its ion capture
functionality;

providing a bed of the regenerated ion exchange resin;

providing a pre-layer of regenerated or virgin ion exchange
resin; 10

passing deionized water through the prelayer of regener-
ated or virgin resin to exclude boron from the deionized
water to a boron content of 1 ppb or less;

passing the deionized water having a boron content below
1 ppb through the bed of regenerated resin to rinse the 15
resin; and

maintaining the prelayer within a cap, cartridge, bed,
bottle, or vessel that is spaced apart from the bed of
regenerated ion exchange resin.

5. The resin regeneration process of claim 4, further com- 20

prising the step of regenerating the prelayer.
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